The sudden appearance of a novel stimulus in the environment initiates a series of orienting responses that include coordinated shifts of gaze and attention, and also transient changes in pupil size. Although numerous studies have identified a significant effect of stimulus saliency on shifts of gaze and attention, saliency effects on pupil size are less understood. To examine salience-evoked pupil responses, we presented visual, auditory, or audiovisual stimuli while monkeys fixated a central visual spot. Transient pupil dilation was elicited after visual stimulus presentation regardless of target luminance relative to background, and auditory stimuli also evoked similar pupil responses. Importantly, the evoked pupil response was modulated by contrast-based saliency, with faster and larger pupil responses following the presentation of more salient stimuli. The initial transient component of pupil dilation was qualitatively similar to that evoked by weak microstimulation of the midbrain superior colliculus. The pupil responses elicited by audiovisual stimuli were well predicted by a linear summation of each modality response. Together, the results suggest that the transient pupil response, as one component of orienting, is modulated by contrast-based saliency, and the superior colliculus is likely involved in its coordination.
Introduction
Sensory systems must efficiently select crucial elements from the excessive information available in the environment (Desimone and Duncan, 1995) . This selection process is greatly influenced by a bottom-up, saliency-based mechanism (Itti and Koch, 2001) , in which the saliency or conspicuity of objects (or locations) in the environment is encoded, and the most salient item triggers an orienting response to allocate neuronal resources toward that item for computationally intensive processing.
Saccadic eye movements and attention shifts, as components of the orienting response, are evoked by salient stimulus presentation and are modulated by various aspects of stimulus saliency (Carrasco, 2011; Kowler, 2011) . Computational models have been remarkably successful at demonstrating these saliency effects (Koch and Ullman, 1985; Itti and Koch, 2000; Parkhurst et al., 2002; Berg et al., 2009; Borji et al., 2013) . Although the orienting response also includes transient pupil responses (Sokolov, 1963b; , modulation of pupil dynamics by saliency remains poorly understood. Nevertheless, pupil size has been widely used to assess cognitive processing (Beatty, 1982; Nassar et al., 2012; Wierda et al., 2012; Eldar et al., 2013) .
The superior colliculus (SC) is a phylogenetically well preserved subcortical structure (Ingle, 1973; Hall and Moschovakis, 2003) known for its central role in saccadic eye movement initiation and attentional shifts (Schiller et al., 1987; McPeek and Keller, 2004; Krauzlis et al., 2013) , and in multisensory processing (Stein and Meredith, 1993) . The SC is hypothesized to encode stimuli based upon saliency to coordinate all components of the orienting response (Sparks, 1986; Fecteau and Munoz, 2006; Knudsen, 2007; Mysore and Knudsen, 2013) . Recently, it was shown that SC microstimulation evokes pupil dilation, extending the role of the SC to pupil dynamics (Netser et al., 2010; Wang et al., 2012) , although the function of this transient pupil response is still unclear. If the SC encodes stimulus saliency to coordinate an orienting response that includes transient pupil responses, then the pupil should respond to both visual and auditory stimuli, and the saliency effects on pupil dilation should be comparable to such effects on sensory-evoked responses in the SC.
Here we examine pupil responses elicited in behaving rhesus monkeys following the presentation of visual, auditory, or audiovisual stimuli. Transient pupil dilation was consistently evoked by a visual stimulus defined by a luminance increment or decrement relative to background. The pupil responded similarly to visual and auditory stimuli, and was modulated by contrastbased saliency, with faster and larger pupil responses observed for higher contrast stimuli. Moreover, the evoked transient pupil dilation was qualitatively similar to that elicited by SC stimulation (Wang et al., 2012) . Computationally, pupil responses to audiovisual stimuli are well approximated by the sum of the responses evoked by the stimulus components. Overall, our results demonstrate the effects of contrast-based saliency modulation on transient pupil responses, and suggest that the SC may coordinate such behavior.
Materials and Methods
Animal preparation and equipment. All protocols used in this study were approved by Queen's University Animal Care Committee in accordance with the Canadian Council on Animal Care policies on the use of laboratory animals. Experiments were performed on four male rhesus monkeys (Macaca mulatta; 10 -12 kg). Specifically, monkeys U and D were trained to perform the visual and auditory stimulus experiments. The microstimulation experiment was performed on monkeys Q and Y, and these data were published previously (Wang et al., 2012) . The methods of surgical procedures and data collection have been described in detail previously . Eye position was measured by the scleral search coil technique (Robinson, 1963) , and horizontal and vertical eye positions were digitized at 1000 Hz. Pupil diameter was measured using a video-based eye tracker (Eyelink-II, SR Research) at a rate of 500 Hz.
To calibrate actual pupil size derived from output pupil diameter values recorded from the Eyelink II, we used the following method (Steiner and Barry, 2011; Wang et al., 2012) . We made a number of different-sized false pupils (6 pupils from 1 to 6 mm in diameter) and placed them at the exact same position as the monkey's pupil position during data recording. Eyelink pupil values from false pupils were used to transform Eyelink pupil values recorded from real monkeys to actual pupil diameter, and pupil size resolution was ϳ0.01 mm. Critically, pupil-size data can be distorted by eye movements because the size of the pupil depends on the subject's gaze angle in a video-based eye tracker. In addition, saccade generation could confound our test of the role of stimulus saliency on the evoked pupil responses, because any observed differences in pupil response between different salient conditions could be triggered by saccadic eye movement itself, rather than stimulus saliency per se. To maintain an accurate measure of pupil size before, during, and after stimulation, and to avoid an influence of the saccadic eye movements, monkeys were required to maintain visual fixation on a point at the center of the screen throughout the trial except for the trials that required saccadic eye movements.
Stimulus presentation and data acquisition were controlled by a UNIX-based real-time data control system (REX; Hays et al., 1982) . Eye position and pupil diameter were recorded in a multichannel data acquisition system (Plexon). Stimuli were presented on a CRT monitor at a screen resolution of 1024 ϫ 768 pixels (75 Hz noninterlaced), subtending a viewing angle of 54°ϫ 44°. Luminance measures for visual stimuli were determined using a luminance meter (CS100, Konica Minolta), and sound pressure levels (SPLs) for auditory stimuli were determined using a sound level meter (type 2239, Bruel and Kjaer).
Visual stimulus task. Two monkeys (U and D) were trained to perform a visual stimulus task ( Fig. 1 A, B) , similar to previous descriptions (Wang et al., 2012) . Each monkey was required to maintain gaze within 1.5°of a central fixation point (FP; 0.5°diameter; 30 cd/m 2 ) for reward. After the monkey maintained a central fixation for 1.4 -1.8 s, a peripheral visual stimulus (0.5°diameter) was presented for 100 ms to the left or right of the FP on a subset of trials (33%) and the monkey was required to maintain steady fixation for an additional 1.4 -1.6 s to obtain reward. The repetition of a same stimulus repeatedly can greatly attenuate the stimulus-evoked pupil responses via habituation (Netser et al., 2010; Steiner and Barry, 2011) . We therefore included a no stimulus control condition (Ctrl) on a subset of trials (33%) to reduce the effects. In addition, to prevent the monkey from strategically ignoring the peripheral visual stimulus, on another proportion of trials (33%, data not shown), the FP was removed coincident with visual stimulus appearance, and the monkey was required to generate a saccade toward the stimulus within 500 ms for reward ( Fig. 1 A, B ; data not shown). These saccade responses were not included in the pupil analysis. Pupil size is sensitive to level of illumination, with a constriction following increases in illumination and dilation following decreases in illumination (Loewenfeld, 1999) . To confirm that transient stimulusevoked pupil responses could be induced independent of background illumination, two different values of background luminance were used (35 or 25 cd/m 2 ; Fig. 1A , referred to as light or B, dark background). Additionally, to rule out the possibility that pupil responses induced by visual stimuli were driven by a sudden change of overall illumination due to a short presentation of luminant stimuli, we compared pupil responses evoked by a stimulus defined by a luminance increment or decrement background. After a random delay there was a brief presentation (100 ms) of either a positive or negative contrast visual stimulus (Pos/Neg) or no stimulus presented (Ctrl). C, Measurements of the evoked pupil response. PROL, Pupil response onset latency.
( Fig. 1 A, B) relative to background (positive/negative contrast: 58 or 16 cd/m 2 on a light background, and 40 or 12 cd/m 2 on a dark background). If pupil responses elicited by salient stimuli were driven by illumination changes, the pupil responses induced by a positive or negative contrast stimulus should be qualitatively different because one decreases but another increases overall illumination. All conditions were randomly interleaved. Data collected across days/sessions were collapsed for analysis.
We selected 10 -15°eccentricity on the horizontal axis to present the visual stimulus because our tasks required the monkey either to make a saccade, or to maintain a fixation following a target presentation, and monkeys typically have difficulty suppressing eye movements to targets at Ͻ5°eccentricity without extensive overtraining. Additionally, we wanted to mimic the conditions used for our SC microstimulation experiment, which had an average stimulation vector of ϳ12.5° (Wang et al., 2012) . To confirm that the effects of evoked pupil responses were consistent across different stimulus eccentricities, we conducted a separate experiment in monkey U using two stimulus eccentricities (10°and 20°). Qualitatively similar pupil responses were induced regardless of eccentricity (Fig. 2G) . Moreover, to examine effects of stimulus hemifield on the left and right pupils, we recorded both pupils simultaneously. Presentation of salient stimuli produced consensual pupil responses regardless of stimulus visual field (Fig. 2H ) .
Visual intensity task. Two monkeys (U and D) were trained to perform a task similar to the visual stimulus task ( Fig. 1 A, B) , except the background luminance was held constant (20 or 24 cd/m 2 ) and the visual target intensity was manipulated to examine the effects of saliency modulation on evoked transient pupil responses (fixation trials 33%) and saccade reaction times (saccade trials 33%). Visual contrast was manipulated because it is one of the most primitive components of saliency (Itti and Koch, 2001) , and has been implemented widely in a number of computational models (Borji et al., 2013) . There was also a subset of trials with no stimulus presented as the control condition (33%).
The pupil response was elicited regardless of stimulus luminance relative to background, therefore luminance decrement stimuli were arbitrarily used. The stimulus was either near black (high-contrast, 0.1-4 cd/m 2 ) or gray (low-contrast, 9 -12 cd/m 2 ) against a light gray background. All conditions were randomly interleaved and data collected across sessions were collapsed for further analysis.
Auditory intensity task. Monkeys U and D were also trained to perform an auditory intensity task. This task was similar to the visual intensity task, except a salient auditory tone was presented. Although tones are notoriously hard to localize, they are best localized at 0°azimuth and for frequencies less than ϳ1200 Hz for which the interaural time difference can be exploited (Middlebrooks and Green, 1991) , even though frontback confusions likely occurred. Moreover, tonal signals have the advantage of high saliency against the white noise background of the lab environment, and have been used previously (Bala and Takahashi, 2000) . Although the monkey fixated the central FP (0.5°diameter; 20 -23 cd/ m 2 ) for reward, on half the trials an auditory stimulus (100 ms pure tone at 1000 Hz generated by the Matlab software, MathWorks) was presented at 0°azimuth from a speaker located above the monitor. The intensity of the auditory stimulus (saliency) was also manipulated (89 and 82 dB SPL, background noise was 50 dB). All conditions were randomly interleaved and data collected across sessions were collapsed for analysis. The onset and offset of the tone was gated electronically using REX to maintain millisecond-accurate timing.
Audiovisual task. Monkey U was trained to perform an audiovisual task similar to the visual intensity task, except an auditory stimulus was presented simultaneously with the visual stimulus (V0A), 100 ms after the visual stimulus (V100A), or 100 ms before the visual stimulus (A100V). In addition, there were two unisensory conditions (visual or auditory alone). All other procedures were the same as the visual intensity task. Briefly, the monkey fixated the central FP (0.5°diameter; 20 cd/m 2 ) to obtain a reward. On 33% of trials, no stimulus was presented (Ctrl), on another 33% of trials, visual, auditory, or audiovisual stimuli were presented, and on the remaining 33% of trials, the visual stimulus was presented coincident with the FP disappearance, and the monkey was required to generate a saccade toward the stimulus for reward. In all cases, the auditory stimulus (1000 Hz tone) was presented for 100 ms at zero azimuth from a speaker located above the monitor at a level of 89 dB SPL (background noise was 50 dB). The visual stimulus was presented for 100 ms to the right or left of central FP at 10°eccentricity on the horizontal axis (9 cd/m 2 , 0.5°diameter), and the background luminance was held constant (24 cd/m 2 ). All conditions were randomly interleaved and data collected across sessions were collapsed for analysis.
Note that we did not manipulate the location of the tonal auditory stimulus relative to the visual stimulus; it was always at 0°azimuth. Therefore, the task made no attempt to examine multisensory integration directly (Stein and Meredith, 1993) , but simply investigated the pupil response evoked by audiovisual stimuli from a purely mechanistic perspective. 
SC microstimulation task.
Aspects of the microstimulation data reported herein including detailed methods were published previously using different analysis techniques (Wang et al., 2012) . Briefly, two monkeys (Q and Y) were trained to perform a simple fixation task, except instead of presenting a sensory stimulus, a train of microstimulation pulses (100 ms, 300 Hz; range, 5-50 A) was delivered to the intermediate layers of the SC (SCi) on a subset of trials (50%). To get an accurate estimation of pupil change linked to microstimulation, we used current values that were 50 -70% of the threshold current to evoke saccades, so that no eye movements were triggered. Note that the latency of microstimulation evoked pupil dilation would be shorter if suprathreshold microstimulation was used. On another 50% of trials, there was no microstimulation and the monkey was required to maintain central fixation for reward. Luminance levels for FP and background were identical to the visual stimulus task, and all conditions were randomly interleaved. Microstimulation was delivered to 28 sites in the SCi (18 and 10 in monkeys Q and Y, respectively).
Data analysis. The initial transient component of the evoked pupil response was of primary interest here (Fig. 1C) . Therefore, the analyses focused on the initial transient pupil response. Trials with blinks or an eye position deviation of Ͼ1.5°from the central FP during the required period of fixation were excluded from analysis. Because the pupil response was confirmed to be consensual, only pupil diameter of the right eye was recorded for data analysis. The same procedure was used to quantify pupil responses previously (Wang et al., 2012) . For each trial, original pupil diameter values were subtracted from the baseline pupil diameter value determined by averaging pupil size from 250 ms before to the onset of stimulation (visual/auditory/electrical; Bala and Takahashi, 2000; Moresi et al., 2008) . Because pupil size increased slightly even when there was no stimulus presented ( Fig. 2A, dotted line) , to simplify data presentation and quantification, we normalized pupil diameter values by contrasting the sensory/electrical stimulation ( Fig. 2A, solid line) versus no-stimulation ( Fig. 2A, dotted line) conditions directly. Specifically, pupil values from each stimulation trial were contrasted to the average pupil value from all no-stimulation trials (Fig. 2 A, B) .
In contrast to our previous study (Wang et al., 2012) , we used a bootstrap method to inform the statistical significance of the comparison by performing a random sampling of pupil values derived from each recording trial with 1500 repetitions. This resulted in a normally distributed cluster of points centered on the mean of selected pupil values (clusters not shown, normal distribution was verified by the Kolmogorov-Smirnov test). The 95% confidence interval (CI) derived from the bootstrap analysis was depicted in shading (Fig. 3A) or in error bar (Fig. 3B) , and the planned comparison was considered to be statistically significant when two compared CIs did not overlap. The baseline CI (Fig. 2B-H, dotted lines) was defined by the onset pupil value calculated by averaging pupil values from higher or lower 95% CI range from 25 ms before to 25 ms after stimulation (Ϫ25 to ϳ25 ms), and a pupil value at any given time exceeded the baseline CI range was considered to be statistically significant. Figure 1C shows a number of measurements we extracted to capture dynamics of evoked transient pupil responses (Beatty and LuceroWagoner, 2000) . The pupil response onset latency (PROL) was computed using the average of all trials in a given condition rather than trial-by-trial due to a low signal-to-noise ratio. PROL was defined as the earliest point at which average pupil magnitude exceeded the baseline CI range. The remaining pupil measurements were computed on a trial-bytrial basis. We also characterized several size-related pupil measurements. The mean dilation was defined as the average of the pupil size from PROL to the time where the pupil reached to the highest value within 400 ms (arbitrarily selected from visual inspection) after the stimulation onset (visual/auditory/electrical). The peak dilation was defined as the maximum value observed within 400 ms after the stimulation onset. The peak-to-peak pupil response was defined as the peak dilation minus the pupil size at the time where the pupil reached to the lowest value within 350 ms after the peak dilation (arbitrarily selected from visual inspection). The mean dilation velocity was computed using the same time window for the mean pupil dilation (positive and negative values indicate the dilating and constricting process, respectively). Computational modeling. We considered a simple linear model to analyze pupil responses to audiovisual stimuli. This "additive" model simply summed the responses obtained separately from each sensory modality, after proper temporal alignment of each component (e.g., delay the visual response by 100 ms when the visual stimulus was presented 100 ms after the auditory one).
Results

Visual stimuli elicited transient pupil dilation
The sudden appearance of a visual stimulus resulted in a multiphasic pupil response ( Fig. 2A) . Transient pupil dilation was first elicited, followed by a constriction, and then second dilation, before pupil size returned to the control condition (no stimulus). For subsequent illustration and analysis, pupil responses evoked by stimuli ( Fig. 2A, solid lines) were subtracted from the mean pupil response of the control condition ( Fig. 2A, dotted line, 
B; see Materials and Methods).
Pupil size is sensitive to global changes in luminance (Loewenfeld, 1999), and a brief presentation of luminant stimuli could alter global luminance and therefore influence pupil size. If true, then the pupil responses induced by contrast increment-or decrementstimuli should be different. The presentation of positive contrast stimuli should result in a constriction because it increases overall illumination, whereas the presentation of negative contrast stimuli should cause initial dilation because it decreases overall illumination.
The results showed that initial transient pupil dilation was evoked regardless of stimulus luminance defined by positive or negative contrast (Pos/Neg) relative to background (Fig. 2B , brighter or dimmer solid lines, respectively), although statistically larger pupil dilation was elicited by the presentation of negative contrast stimuli. Moreover, a similar response was produced regardless of background luminance and across two different monkeys (Fig. 2C-F) . Together, the results suggest that the evoked transient pupil response was mediated by a mechanism dissociable from the pupil light reflex pathway that regulates pupil size according to the global luminance (Loewenfeld, 1999; Gamlin, 2006) . Given that the pupil responded similarly for each monkey regardless of background luminance and direction of visual contrast, these data were collapsed for subsequent analyses.
Pupil response scaled with visual intensity
Brief presentation of a visual stimulus produced transient pupil responses that were greater when high-contrast (more salient) stimuli were presented (Fig. 3A) . The effects of stimulus contrast on the evoked pupil response were consistent across two monkeys (Fig.  3A,B) . Comparable effects on SRT were evident on saccade trials ( Fig. 3C ; high/low: monkey U, 150 Ϯ 3 ms/158 Ϯ 5 ms; monkey D, 176 Ϯ 4 ms/188 Ϯ 3 ms; Ϯ values were defined by Ϯ 95% confidence interval and the comparison was statistically significant when two CIs did not overlap; see Materials and Methods), as shown previously ).
Visual stimulus contrast modulated the PROL, and the pupil responded faster for high-contrast stimuli ( Fig. 3D ; PROL: high- contrast, 222 ms; low-contrast, 259 ms). Moreover, the sizerelated pupil responses were also influenced by stimulus contrast. High-contrast visual stimuli elicited statistically larger peak dilation ( Fig. 3E ; high contrast, 0.057 Ϯ 0.007 mm; low-contrast, 0.041 Ϯ 0.008 mm) and peak-to-peak response ( Fig. 3E ; high contrast, 0.13 Ϯ 0.007 mm; low-contrast, 0.11 Ϯ 0.007 mm), and the difference in mean dilation was marginally significant ( Fig.  3E ; high-contrast, 0.036 Ϯ 0.008 mm; low-contrast, 0.025 Ϯ 0.008 mm). The mean velocity of dilation was also modulated by visual contrast (Fig. 3F ; high-contrast, 0.36 Ϯ 0.04 mm/s; lowcontrast, 0.23 Ϯ 0.07 mm/s).
Auditory stimuli elicited transient pupil dilation
If the above evoked pupil responses were driven by stimulus saliency, they should also be elicited with nonvisual stimuli. Figure  4A illustrates the effects of auditory stimulus presentation on the pupil. Presentation of an auditory stimulus also resulted in a multiphasic pupil response that was similar to that elicited by a visual stimulus. The initial phasic response was evoked, with transient pupil dilation followed by a constriction, and secondary dilation before the pupil size merged with the no-stimulus condition. Two monkeys showed a similar pattern of auditory saliency modulation (Fig. 4 A, B) . Manipulation of auditory intensity had similar effects on pupil size, although they did not reach significance. Auditory stimulus intensity influenced the timing of pupil responses: PROL was 159 ms for high-intensity auditory stimuli, and 223 ms for low-intensity stimuli ( Fig. 4C ; the observed pupil values on the low-intensity condition overlapped with the upper baseline pupil values, so we selected the time with the highest observed difference). Furthermore, presentation of a high-intensity auditory stimulus elicited a larger mean dilation ( Fig. 4D ; highintensity, 0.028 Ϯ 0.006 mm; low-intensity, 0.021 Ϯ 0.007 mm), peak dilation ( Fig. 4D ; high-intensity, 0.042 Ϯ 0.006 mm; lowintensity, 0.035 Ϯ 0.007 mm), and the peak-to-peak response ( Fig. 4D ; highintensity, 0.082 Ϯ 0.005 mm; lowintensity, 0.075 Ϯ 0.005 mm). However, there was no difference in the mean velocity of dilation ( Fig. 4E ; high-intensity, 0.17 Ϯ 0.05 mm/s; low-intensity, 0.17 Ϯ 0.06 mm/s).
Similar transient pupil responses were evoked by visual and auditory stimuli
The presentation of a visual or auditory stimulus evoked a remarkably similar pattern of pupil responses (Fig. 5) . Initial transient pupil dilation was evoked and followed by a constriction, and then secondary dilation appeared before pupil size merged with the control condition. A similar modulation of contrast-based saliency was evident for both visual and auditory modalities, with faster PROL (Figs. 3D,  4B ) and larger evoked pupil responses (Figs. 3E, 4D ) for more salient stimuli, although the modulations with auditory stimuli did not reach significance. Importantly, the pupil responded earlier in time, but with smaller magnitude (Fig. 5) following the auditory stimuli. Note that we did not apply psychophysical methods to determine the pupil response threshold for visual or auditory stimuli, as we used suprathreshold stimuli to evoke pupil responses but made no attempt to match auditory and visual intensity. Thus, any observed differences in modality should be considered with caution. responses in the SCi than those produced with visual stimuli (Bell et al., 2004) . Overall, the demonstration of similar pupil responses for auditory and visual stimuli further implicates the SCi in the circuit because of its central role in multisensory processing (Stein and Meredith, 1993) and coordinating the orienting response . If the observed sensory-evoked pupil response was part of the orienting response that mediated by the SCi, then SCi microstimulation should also evoke pupil dilation. Microstimulation of the SCi subthreshold for saccades also produced a multiphasic pupil response ( Fig. 6B ; Wang et al., 2012) . Although the pupil responses elicited by SCi microstimulation and visual stimulus presentation were different (Fig. 6, compare A, B) , the general response pattern was similar: initial transient pupil dilation was followed by a constriction, and then a weak sustained dilation appeared before pupil size merged with the control condition. This transient pupil response evoked by SCi microstimulation was statistically significant on different background luminance conditions, although the size of pupil dilation was larger on the dark background condition. The initial transient pupil dilation was not correlated with a stimulation location on the SC map (Wang et al., 2012) , so data from different SC sites were collapsed for further analyses. Because different levels of background illumination modulated the size of microstimulation-evoked pupil dilation (Wang et al., 2012) , we only compared microstimulation results with visual stimulus task results because they had the same background luminance manipulations. Because visual and microstimulation experiments were performed by different monkeys, the pupil measurements were quantified individually ( Fig. 6C-F ) .
SCi-microstimulation evoked qualitatively similar transient pupil dilation
The PROL was faster for SCi-microstimulation than visualstimulus evoked pupil responses by ϳ60 ms ( Fig. 6C ; monkey Q and Y: 167 and 175 ms, respectively; monkey U and D: 220 and 242 ms, respectively). These timing differences persisted when the pupil response reached its peak [SCi: 301 Ϯ 4 ms (monkey Q)/298 Ϯ 4 ms (monkey Y); visual: 325 Ϯ 7 ms (monkey U)/ 346 Ϯ 9 ms (monkey D)]. This is consistent with the SC being in the pathway leading to saliency-induced changes in pupil size.
Although not equated for intensity, size-related measurements (mean and peak pupil dilation) were similar [ Fig. 6D Moreover, the initial component of visually evoked response was similar to that of the microstimulation-evoked response, but delayed by the approximate difference in arrival of visual stimuli in the SCi. Although the SCi seems only to drive the initial increase of pupil dilation, the results are actually in line with the suggested role of the SCi in saccade generation, in that it may only drive the initial acceleration component of saccade profiles (Quaia et al., 1999) . Together, the SCi could participate in the production of the transient pupil response, particularly the initial dilation, evoked by presentation of novel visual stimuli. Although the latency of microstimulation-evoked pupil dilation seems long relative to saccades, we used weak stimulation that was subthreshold for saccade initiation, and in general the pupil system acts more slowly than the saccade system, with constriction latencies ϳ150 ms for the pupil light reflex to background luminance changes (Pong and Fuchs, 2000) .
Combination of visual and auditory pupil responses
One study has suggested that the pupil responds linearly to a sequential presentation of visual and auditory stimuli (Hoeks and Levelt, 1993 ). Thus, we tested linear summation of pupil responses elicited by the simultaneous or temporally offset presentation of visual and auditory stimuli. To examine the additive model, a separate experiment was conducted with monkey U, in which visual and auditory stimuli were either presented alone or in combination. The presentation of a unimodal visual or auditory stimulus evoked the typical pupil response (Fig. 6A) . The presentation of visual and auditory stimuli simultaneously induced similar pupil responses, and critically, the evoked pupil responses were comparable to those derived from summing the visual-and auditory-only pupil responses (Fig. 6B , Model-Add curve). We further tested the linear addition assumption by presenting two stimuli in sequence with 100 ms temporal asynchrony. The pupil responses between actual data and time-shifted addition of unimodal responses were similar regardless of the order of modality (Fig. 6C , Model-Add, auditory stimulus first; D, Model-Add, visual stimulus first). The simple additive model provided a good fit to the audiovisual data (root mean square errors: V0A, 0.29; A100V, 0.34; V100A, 0.28), although some qualitative features of the data were not predicted by the model. In conclusion, our modeling results suggest that the pupil, in general, responded in a linearly additive manner to audiovisual stimuli. Moreover, because the location of the auditory stimulus was not spatially aligned with the visual stimulus, it is possible that SCi activity induced by stimuli presented from different spatial locations could be integrated in a spatially nonlocalized manner to generate a coordinated pupil response.
Discussion
The orienting system responds to salient changes in the environment by initiating a coordinated orienting response that includes transient pupil dilation (Sokolov, 1963a; Lynn, 1966) . In monkeys, the brief presentation of a visual or auditory stimulus evoked a reliable triphasic pupil response that included an initial dilation followed by a constriction and then a second dilation. The response was dissociated from illumination-dependent pupil modulation because it was evoked by a visual stimulus that was either a luminance increment or decrement relative to background (Fig. 2B) . Similar pupil responses were induced by auditory and visual stimuli (Fig. 5) . Importantly, contrast-based saliency modulated the timing and magnitude of evoked pupil responses, with faster and larger pupil responses observed for higher contrast stimuli. Pupil responses to audiovisual stimuli could be accurately predicted by summing the component unisensory responses (Fig. 7) . Our results suggest that the SCi are a likely substrate contributing to the transient pupil response because of its central role in multisensory processing (Stein and Meredith, 1993) . Moreover, similar initial transient pupil dilation was evoked by both SCi microstimulation and presentation of salient stimuli, with onset latency differences that matched the arrival time of sensory signals in the SCi (Fig. 6) . In summary, transient pupil responses, as one component of the orienting response, were modulated by contrast-based saliency, and the SCi likely coordinated the response.
Pupil orienting response
Pupil size varies continuously and this variation is largely attributed to global luminance changes (Loewenfeld, 1999; Gamlin, 2006) . Pupil size is also modulated by salient events in the environment. It has long been suggested that the pupil response is related to orienting (Sokolov, 1963a; Lynn, 1966) , and transient pupil dilation can be observed after the appearance of salient auditory stimuli (Stelmack and Siddle, 1982; Qiyuan et al., 1985; Netser et al., 2010; Steiner and Barry, 2011) . Consistent with the literature, transient pupil dilation was consistently evoked in monkeys by presentation of either visual or auditory stimuli. Remarkably similar triphasic pupil responses were evoked by presenting visual or auditory stimuli, with faster but smaller responses following auditory stimuli. Stimulus contrast modulated not only the timing of the response, but also its magnitude, with faster and larger pupil responses following the presentation of higher contrast stimuli.
Although the auditory responses did not reach significance on some measurements, the lack of significance is likely due to the completely irrelevant nature of the auditory stimulus in the task; saccades to the visual stimulus, but not the auditory stimulus, were required on a subset of trials. Therefore, monkeys likely paid less attention to the auditory stimulus resulting in reduced responses (Hess and Polt, 1960) . Moreover, it may have been difficult for the monkeys to make accurate spatially directed orienting responses because our study used a tonal stimulus and the monkey was head-fixed (Populin, 2006) , which could also reduce the evoked pupil response by diminishing localizability. It is also possible that insufficient intensity differences were used for two auditory stimuli to reveal a difference. Nevertheless, a qualitatively similar saliency modulation was observed, with shorter latency and larger responses elicited by higher intensity auditory stimuli.
The current study manipulated contrast-based saliency because it is one of most primitive saliency components (Itti and Koch, 2001 ) and is widely used for computational modeling (Borji et al., 2013) . However, the saliency computation defines how conspicuous the stimulus is relative to the background, thus involving the competition of all available stimuli. For example, a red stimulus would be more salient among a group of green stimuli than a group of red stimuli. Our results only demonstrate modulation of pupil size by contrast-based saliency, and future research is required to address modulation by other aspects of saliency. 
